Abstract-Two suites of lunar impact melt samples have been measured in NASA's Reflectance Experiment Laboratory (RELAB) at Brown University. Suite 1 comprises seven Apollo 17 crystalline impact melt breccias and seven quenched glass equivalents. Suite 2 is made up of 15 additional impact melt samples (from Apollo 12, 15, 16, and 17) which exhibit a range of textures and compositions related to cooling conditions and glass abundance. A few of these samples have cooled slowly and fully crystallized, and thus have the same spectral properties as igneous rocks of similar texture and composition; they cannot be uniquely distinguished without geologic context. However, most of the impact melts and melt breccias contain either quantities of quenched glass and ⁄ or have developed microcrystalline nonequilibrium textures with well-defined, diagnostic spectral properties. The microcrystalline textures are associated with a distinctive 600 nm absorption feature, apparently due to submicroscopic ilmenite inclusions in a transparent host (typically finegrained plagioclase). The reflectance properties of these lunar sample suites contribute to and constrain the identification and characterization of impact melts in remote sensing data.
INTRODUCTION
Numerous studies of the distribution and composition of impact melt at terrestrial craters have been used to study aspects of the cratering process. Mixing within the melt, depth of excavation, and timing of melt emplacement are among the specific questions that have been addressed (Phinney and Simonds 1977) . Although no large-scale craters remain in pristine state on Earth, models for the entire sequence of events from melt generation to cooling have also been developed (Grieve et al. 1977a; Cintala and Grieve 1994) . Lunar impact melt generated through the cratering process is expected to be generally similar to terrestrial melt (but more pristine), while important differences occur related to scaling effects between the Earth and Moon. For example, Cintala and Grieve (1994) predict the proportion of clasts entrained by impact melt to be higher on the Moon than on the Earth. Therefore, direct observations of lunar impact melt are also important in their own right. Impact melts in lunar craters may have been homogenized by turbulent flow within the transient cavity (Grieve et al. 1977a (Grieve et al. , 1977b . The melt should consist of lithic fragments (unmelted clasts of target material), glass, and recrystallized melt, although the exact proportions are currently not predicted by such models. Thus far, estimations of lunar melt distribution have provided abundant clues to many aspects of the impact process, such as impact angle and the timing of melt emplacement (Hawke and Head 1977) . However, knowledge of the composition and extent of impact melts may answer a different set of questions entirely, including mixing in the melt and the depth of excavation.
Models of lunar crater formation processes rely considerably on the distribution and morphology of impact melt deposits at lunar craters (e.g., Schultz 1976; Hawke and Head 1977) , but lack additional information on the compositional characteristics that might extend the spatial context of such deposits. A better understanding of the in situ composition of impact melts, determined from remote sensing spectral data, would therefore provide new insight into the impact process. Key questions that can be addressed include the compositional character and depth of origin of impact melt, and the relative homogeneity or heterogeneity of melt rocks. Impact melt properties are challenging to determine remotely for several reasons. Most important of these is that compositionally diagnostic spectral features are sensitive not only to mineral abundance and chemical composition, but also to the crystal structure of a material as well. Impact melts cool at different rates within and around a single crater, giving rise to textures ranging from glassy to coarse-grained crystalline. The effect of these variable textures on spectral properties of melt rocks is not well defined, and estimates of melt deposit composition derived remotely are thus inherently ambiguous. A better understanding of the spectral characteristics of lunar impact melts, linked to parameters such as crystallinity, texture, or glass abundance, is required for remote identification and characterization of melt properties.
To evaluate remote sensing data of impact melts, both the theoretical and empirical basis for interpretation of their spectra must be better constrained. To this end, two suites of lunar samples have been measured in NASA's Reflectance Experiment Laboratory (RELAB) at Brown University. Suite 1 comprises seven carefully selected Apollo 17 impact melts, all naturally crystalline (Suite 1 xtal ), and a chemically equivalent suite of glasses (Suite 1 glass ), synthesized from the crystalline samples. Suite 2 is made up of 15 naturally occurring impact melt breccias and glasses from a range of landing sites (Apollo 12, 15, 16, and 17) . The Suite 1 samples offer the opportunity to examine the variation in spectral properties of materials involved in a major impact event that have the same composition, but different structures (crystalline versus glass). The Suite 2 samples illustrate the diversity of impact melt rocks that occur naturally on the Moon, and are examples of what might be observed remotely across the area sampled by Apollo. In the discussion below, the laboratory spectra are examined for the relationship between spectral features and chemical or physical characteristics of the lunar samples they represent.
RELEVANT BACKGROUND Reflectance Spectroscopy

Near-Infrared Wavelengths
Bidirectional reflectance (BDR) spectra of common lunar minerals are shown in Fig. 1a . Mafic minerals are identified at visible through near-infrared wavelengths by diagnostic absorption bands caused by electronic transitions largely of Fe and Ti in a crystal-field environment (e.g., Burns 1993) . At visible wavelengths, charge-transfer transitions between metal species also occur. The position, shape, and strength of these absorption bands are all related to a mineral's crystal structure and composition. For example, pyroxenes of different compositions exhibit absorption bands near 1 and 2 lm, whereas olivine has a broad absorption consisting of three overlapping bands with centers across 0.8-1.3 lm. Low-Ca pyroxenes (enstatite ⁄ pigeonite) have band centers at shorter wavelengths than high-Ca pyroxenes (augite). These pyroxene absorption bands, which have been readily measured in telescopic near-infrared spectra (e.g., McCord et al. 1981; Pieters 1986) , are caused by electronic transitions of Fe 2+ in octahedral coordination. In contrast, Fe-bearing quenched glass such as found in lunar pyroclastic deposits also exhibit absorption bands near 1 and 1.9 lm, as shown in Fig. 2 , but these glass absorptions are caused by Fe 2+ , in both octahedral and tetrahedral coordination (for the 1 and 1.9 lm bands, respectively). The bands are broader and the 1 lm octahedral minima occur at longer wavelengths than for a compositionally equivalent pyroxene (Bell et al. 1976; Burns 1993) . While the strength of absorption bands for pyroxene and glass are related to site symmetry, Fe abundance, and particle size, the observed strength of absorption for natural lunar materials is also affected by the presence of interspersed strongly absorbing opaque minerals (such as ilmenite), or the process of space weathering and the development of nano-phase metallic iron (Pieters et al. 2000; Hapke 2001; Noble et al. 2007) .
Lunar minerals may also exhibit a broad and shallow absorption band near 1.2 lm, with several distinctly different possible causes. Adams and Goulland (1978) established that very small amounts of FeO incorporated into the plagioclase structure can cause a band near 1.2 lm. This feature can be observed in relatively pure crystalline anorthosite (Fig. 1a) . However, this weak absorption band is very sensitive to shock history and has been shown to disappear at high shock pressures (Adams et al. 1979; Johnson and Ho¨rz 2003) . Furthermore, when mafic minerals are present even in small amounts, they dominate the spectral properties effectively masking any plagioclase 1.2 lm feature (e.g., Crown and Pieters 1987) . The presence of abundant plagioclase in telescopic spectra of lunar rocks is thus generally inferred from high albedo and the lack of a strong ferrous band from mafic minerals (e.g., Pieters 1986; Hawke et al. 2003 (2007, 2008) demonstrated that a 1.2 lm absorption observed in lunar and meteoritic materials is commonly caused by a spin-allowed crystal-field transition of Fe 2+ in the M1 octahedral coordination site of pyroxene; the band strength increases and the band minimum moves to longer wavelengths with increasing iron of the pyroxene, but the band is present even when total iron content is low. Although under equilibrium conditions Fe 2+ normally prefers the somewhat larger M2 site of low-Ca pyroxene, the pyroxene M1 1.2 lm band is often observed most prominently in rapidly cooled rocks, as the cooling occurs quickly enough to preserve a state where Fe 2+ occupies a significant portion of the pyroxene M1 sites ). Bell et al. (1976) and Wells and Hapke (1977) First, for homogeneous (quench) glasses formed at the same (low) oxygen fugacity, the product of the wt% of FeO and TiO 2 is linearly related to the slope of the spectrum at 0.5 lm (Fe-and Ti-rich glass is relatively ''red'' with a steeper slope). The color of a lunar quench glass is directly related to the combined FeO and TiO 2 abundance. Second, for Fe-bearing quenched glasses, the weight % FeO is linearly related to the absorption coefficient at 1 lm (which is comparable, in reflectance spectra, to the strength of the ferrous glass absorption band at that wavelength). The reason for this correlation is that there is only one loosely octahedral site the Fe occupies and the absorption strength is directly related to the abundance of Fe. These visible and near-infrared characteristics of lunar glass are observed for the pyroclastic quenched glasses of Apollo shown in Fig. 2 : the ''green'' glass of Apollo 15 (15401) and the ''orange'' glass of Apollo 17 (74220). The basic properties of lunar orange and green glass have been reproduced in reflectance spectra of glasses synthesized under lunar-like conditions (Gillis-Davis et al. 2007 .
Visible Wavelengths
The Apollo 17 ''black beads'' offer an additional and particularly relevant spectral feature. Similar in physical form to other lunar pyroclastic beads, they are the crystallized compositional equivalent to the orange glass, and occur inter-bedded with it at Apollo 17. However, these black beads contain exceptionally finely feathered ilmenite (to the submicron scale) set in a matrix of transparent olivine or glass (e.g., Heiken et al. 1974; Weitz et al. 1999 ). This unusual physical arrangement allows the spectral properties of the normally opaque ilmenite to be observed, resulting in a prominent band across the visible (Adams et al. 1974) , centered near 600 nm. Thus, as will be discussed further in the Discussion section, the presence of the 600 nm feature appears to indicate the presence of submicroscopic ilmenite in a transparent host. To compare color properties, all spectra are scaled at 2500 nm. 77075 is the same prepared quenched glass as in Fig. 1e . All others are natural samples of lunar pyroclastic material. The orange glass (74220) and green glass (15401) are dominated by glass spherules, but contain other soil components. These glasses contain no appreciable ilmenite. The Apollo 17 Black beads (74001) are the crystallized equivalent of orange glass, and are dominated by olivine, glass, and pervasive very fine-grained ilmenite. Fig. 1 . Reflectance spectra of lunar materials. a) Visible to near-infrared bidirectional reflectance spectra of example lunar mineral separates. This part of the spectrum exhibits crystal-field electronic transitions and charge transfer transitions. b) FTIR shortwave infrared spectra of lunar mineral separates. This part of the spectrum (4-7 lm) exhibits overtones of stronger molecular absorptions in the mid-infrared. Key features characteristic of plagioclase (blue arrows) and olivine (green arrows) are shown. c) FTIR mid-infrared spectra of lunar mineral separates. ''ChF'' indicates the range of variability of the Christiansen feature (maximum emissivity) for silicates. d) Bidirectional reflectance spectra of Suite 1 crystalline melt breccias from Apollo 17. e) Bidirectional reflectance spectra of Suite 1 quenched glasses prepared from the same melt breccia samples. f) Bidirectional reflectance spectra of Suite 2C lunar impact melt samples. g) Bidirectional reflectance spectra of Suites 2A and 2B lunar impact melt samples.
Telescopic Near-Infrared Spectra
Completely crystalline melt rocks may have the same mineralogy as volcanic or plutonic rocks of the same composition, and are thus not easily identifiable as a distinct lithology by remote spectroscopic measurements alone. The impact melts specifically targeted by this study are melts emplaced on the surface, equivalent to suevite breccias at terrestrial impact craters. These are most likely to comprise impact glasses and glassy melt breccias, which should be spectroscopically distinct from each other and from nonmelt rocks.
Near-infrared telescopic spectra for single integrated 5-10 km regions of pooled impact melt at three craters (Copernicus, Tycho, and Aristillus) were presented in Smrekar and Pieters (1985) . Such low-resolution single ''point'' remote measurements indicated that despite different geologic settings and locations, the melt rocks are notably similar spectrally. Observations of the more crystalline peaks and walls indicate that the target compositions among the craters are quite different. However, the spectra from areas with large areas of pooled impact melt are broadly similar to each other: the shape and position of the mafic absorption bands near 1 lm suggest the presence of significant amounts of Fe-bearing glass mixed with lithic fragments and ⁄ or recrystallized melt. The impact melt spectra of these three craters also all appear to exhibit a 1.2 lm absorption feature. Smrekar and Pieters (1985) suggested recrystallization of plagioclase crystals to explain the presence of the absorption band. While this is still a working hypothesis, the feature could also be due the nonequilibrium rapid crystallization of pyroxene discussed above which results in disproportionate Fe partitioning into the M1 pyroxene site (e.g., see Klima et al. 2008 ).
Multispectral Image Data
Multispectral images of the Moon from the Galileo and Clementine missions have been used to evaluate characteristics in a spatial context in and around lunar impact craters (e.g., Belton et al. 1993; Pieters et al. 1994) . The wavelengths for these images are sensitive to spectral variability across the ultraviolet to visible portion of spectrum, and to the presence of mafic absorption bands near 1 lm. Two characteristics have been recognized in multispectral data of impact melts that often allow the melts to be distinguished from surrounding materials within a multispectral image. Both Galileo SSI observations during the Earth-Moon encounters and Clementine (UVVIS) ultraviolet-visible camera images indicated that melt halos around many impact craters are observed to have high spectral ratio values between 0.76 and 0.41 lm (i.e., a strong red slope) , and lower albedo values than surrounding materials. These characteristics of melts only occur in a relative sense: while impact melts may be observed to be redder and darker than local soils, they are not necessarily redder and darker than soils at other locations on the Moon.
LABORATORY SPECTRA OF LUNAR IMPACT MELT SAMPLES Sample Descriptions
Suite 1 The Suite 1 Apollo 17 samples were originally selected by Graham Ryder to be part of a separate effort to characterize the compositional homogeneity of the Serenitatis melt sheet (Ryder, personal communication) . The seven samples span a range in composition, grain size, and texture (see Table 1 ). At least six of these samples are believed to have been melted as part of the Serenitatis basin formation and then recrystallized. The seventh sample is distinct in petrography, chemistry, and inferred origin. These wellcharacterized samples were selected for spectral analysis to allow comparison with chemical and petrographic characteristics. Glass versions of the samples were prepared to simulate quenched impact melt glass.
One sample (76015) was used to create mass fraction mixtures between the original crystalline melt breccia and the compositionally equivalent prepared quench glass material. Mass fraction mixtures of glass and crystalline material of different proportions provide a first order comparison for mixtures that might occur in a natural event. Comparable mixtures were also calculated from the endmember spectra using the BDR equations of Hapke (1981) and compared to the actual mixtures.
Suite 2
The 15 naturally occurring impact melt samples were identified from the samples collected at the Apollo 12, 15, 16, and 17 landing sites (see Table 2 ). They have a range of textures, mineralogical compositions, and glass abundance. Although the history of these samples is not known (including the scale of the impact event), they are still impact melt rocks produced in the lunar environment, and provide a unique sample database to develop an understanding of lunar impact melt characteristics.
Laboratory Procedures
The Suite 1 crystalline samples were received as fine-grained powder, and no coarse particles were observed. The exact size distribution is not known, but G. Ryder prepared fine-grained well-mixed samples to eliminate any bias in sample heterogeneity. The quenched glass samples were created from a split of each sample at the Johnson Space Center by fusion of a portion of each crystalline sample on Molybdenum strips in an argon atmosphere. The resulting glass beads were crushed at the RELAB facility to <125 lm particle size. For one crystalline-glass pair (76015), a series of mass fraction mixtures was created, in known abundance increments. Two batches of glass were prepared from the homogenized 76015 sample and combined in order to have sufficient sample for the suite of mixtures.
The Suite 2 samples were received as rock chips. Spectra for a few were measured in their natural form. To compare spectral features of particulate samples, all were ground to <125 lm powders. For a few samples, size separates were prepared dry then the larger particles were wet sieved with ethanol and a separate <25 lm ''wet'' sample collected and dried.
The sample spectra were measured in the RELAB BDR spectrometer from 0.3 to 2.6 lm (at a standard viewing geometry of i = 0°and e = 30°, 5 nm resolution), relative to a halon standard and calibrated to the absolute reflectance of halon as determined by the National Institute of Standards and Technology. Biconical diffuse reflectance spectra of the same samples were also measured in a purged environment (water and CO 2 free) using the RELAB Nicolet 740 FTIR (Fourier-transform infrared) system from 2 to 25 lm (9 nm resolution). The FTIR spectra were scaled to the absolute values of the bidirectional data near 2500 nm. FTIR spectra of lunar mineral separates are provided in Figs. 1b and 1c for comparison to the BDR spectra of Fig. 1a . The RELAB IDs for all samples included in this study are provided in Appendix.
RESULTS
Suite 1: Apollo 17 Melt Breccia Samples
Original Crystalline Melts The crystalline melt sheet spectra of Suite 1 have been divided into two groups based on properties inferred from their spectral features shown in Fig. 1d . The first group of spectra (Category 1A, shown as orange) has spectral characteristics of typical lunar highland rocks, variable mainly in the relative abundance of pyroxene and plagioclase. All but 73217 exhibit absorption bands due to low-Ca pyroxene. In contrast, 73217 has longer wavelength absorption bands, indicating a high-Ca pyroxene-rich composition and lower albedo, but is otherwise unremarkable. All spectra exhibit a weak absorption near 1.2 lm which may be attributed to plagioclase and ⁄ or rapidly cooled pyroxene.
Compared to Category 1A, the Category 1B spectra (blues and purple in Fig. 1d ) have a lower albedo, a somewhat redder continuum (i.e., overall increase in reflectance with wavelength), and weaker absorption bands. The prominent difference between 1A and 1B may lie in the presence of an additional absorption near 600 nm for the Category 1B spectra. As discussed in detail in the Microcrystalline Ilmenite section, we interpret the 600 nm feature in these samples to indicate the presence of submicroscopic ilmenite interspersed in a transparent host.
Photomicrographs prepared by Graham Ryder of the Suite 1 samples are shown in Fig. 3 . It is clear that Category 1B samples are finer grained than the 1A samples. The finer texture is also associated with the presence of a stronger 1.2 lm absorption band. The 1B samples also were observed to exhibit very fine, needle-like oxides. Among the 1B samples, the two with the lowest absolute reflectances and strongest 600 nm features (77075 and 72435) have the most fine-grained needle-like Ti-oxides.
Quenched Glass Spectra
Bidirectional reflectance spectra of the Suite 1 quenched glasses prepared under lunar-like conditions from the crystalline melt breccias are shown in Fig. 1e . The color code for specific glasses is the same as used for their crystalline counterparts in Fig. 1d . Compared to the related crystalline suite of melt breccias, these quenched glass spectra exhibit considerably less variability. For example, while the crystalline version of 73217 is distinct from the other Suite 1 crystalline samples because of its atypical pyroxene composition, the 73217 glass is almost indistinguishable from the rest of the glasses. For all of the samples, the broad absorption bands centered just beyond 1 lm and near 1.9 lm are diagnostic of Fe-bearing glass (Bell et al. 1976; Burns 1993) . The broad crystal-field 1 lm band combined with an oxygen-metal charge-transfer in the ultraviolet produces a prominent reflectance peaks near 0.56 lm that results in the visually bright green color of the glass powders. Glass sample 77075 is shown for comparison with naturally occurring lunar quenched glasses of pyroclastic origin in Fig. 2 . These prepared quenched glass samples are typically greater than twice as bright as the natural lunar pyroclastic samples, so all spectra are scaled at 2500 nm to allow spectral comparisons. Prominent differences between these lunar glasses are seen in the visible part of the spectrum. As documented with laboratory transmission spectra by Bell et al. (1976) , the visible is dominated by Fe-Ti charge-transfer absorptions, and the slope of the spectrum at 500 nm depends on the combined FeO and TiO 2 abundance. For remote sensing applications, the slope of the spectrum near 500 nm is often approximated by the ratio of reflectance at 415 nm to that at 750 nm (selected because of these wavelengths' availability in Clementine multispectral images). Despite the limited range in FeO and TiO 2 abundance, the spectral ratio for Suite 1 glasses shown in Fig. 4 is clearly correlated to FeO*TiO 2 , as predicted by Bell et al. However, it is important to note that this relationship is only apparent for the quenched glasses, and the crystalline samples exhibit a random relation.
Although dark ''halos'' of impact melt are often observed for fresh lunar craters (e.g., Tycho), Suite 1 samples exhibit no regular change of albedo with melting. This is illustrated in Fig. 5 in the form of a plot of the 415 ⁄ 750 nm ratio for Suite 1 materials measured in the laboratory against their albedo (at 750 nm). The Suite 1 crystalline samples could generally be comparable to fresh (immature) regolith on the Moon. With melting, an increased apparent reddening in spectral slope is observed for each glass sample relative to its crystalline counterpart, but there is no comparable trend with brightness. Some glass samples become darker, whereas others are brighter, most likely a result of the heterogeneous nature of their original lithology.
Because of the limited range in FeO and TiO 2 abundance, the Suite 1 samples represent a small subset of melt compositions expected on the Moon. However, they illustrate the difference in spectral variability among the glasses (homogenous melts of similar chemistry) relative to their crystalline counterparts. It should be apparent from Figs. 1e and 2, however, that the Clementine wavelengths miss the peak reflectance near 600 nm and are not particularly well suited to capture the principal variation of the charge transfer absorptions of quenched glasses.
Glass and Crystalline Mixtures
It is anticipated that various proportions of glass and crystalline components will exist for melts produced under a range of conditions on the Moon. To examine the optical properties of such a range, mass fraction mixtures for crystalline and quenched glass samples of 76015 were prepared and their spectra are presented in Fig. 6a . These spectra are of physical mixtures prepared with the two forms of the sample and measured directly with the RELAB spectrometer. While these mixture spectra clearly define the overall character of such mixtures, the data should not be used for detailed quantitative estimates or modeling because the particle size is not strictly controlled. Due to the limited quantity of each sample, mass fraction mixtures were limited. Calculated mixture spectra based on the crystalline and There is no consistent change in albedo between the crystalline and quenched glass of the same sample. For this general composition of materials, however, glass spectra appear ''redder'' than their crystalline counterparts at these wavelengths.
glass endmembers, however, provide a broad comparison (Fig. 6b) , illustrating that the spectra of the physical mixtures provide an excellent qualitative data set from which to characterize glass ⁄ crystal mixtures. The endmember spectra clearly show the diagnostic absorptions due to pyroxene and glass, respectively. The most obvious changes in the mixture spectra shown in Fig. 6 are in the shape of the 1 lm absorption band, as it broadens with increasing glass abundance and shifts to longer wavelengths. In both the natural and calculated mixtures, >60% glass appears necessary for its presence to be obvious in the mixture spectra. Comparison of both sets of mixture spectra with the telescopic spectra of large areas of pooled impact melt studied by Smrekar and Pieters (1985) indicates the presence of mixtures of glass and pyroxene on the surface and that the relative abundance of glass and crystalline material for the pooled impact melt at craters such as Copernicus or Tycho suggests glass abundances of 50% or more.
Suite 2: Natural Impact Melts
Suite 2 impact melts come from four Apollo sites and thus have diverse origins, but as described in Table 2 , all share the common characteristic of exhibiting either a component of impact-derived glass or melt breccia. This suite of samples, also selected by Graham Ryder, was identified to begin filling the gaps in our knowledge of the spectral variability of natural impact melts (Ryder, personal communication; Ryder1993; Meyer 1994) . The Suite 2 samples were selected from matrix material in impact melt breccias, unless otherwise noted in Table 2 . Despite a range in chemical composition and glass abundance, the 15 samples exhibit spectra that fall into several general categories, the most common of which appears to be dominated by the texture of the melt breccia matrix. BDR spectra of Suite 2 impact melt samples are shown in Figs. 1f and 1g .
Group 2A
There is only one sample in the first group (76055), which is spectrally indistinguishable from an igneous noritic rock. The spectrum for this sample resembles the crystalline spectra for Suite 1 (and may also be part of the Serenitatis melt sheet). If the spectral categories for the Suite 2 samples are considered as a continuum in relative glass and crystal abundance, Category 2A is the crystalline endmember. The spectral characteristics for this category may be indicative of a slower cooling rate, as it lacks the spectral features in subsequent categories which appear to be associated with fine-grained nonequilibrium cooling or quenched melts.
Group 2B
The spectra in this group appear to contain a high abundance of quenched glass, and in fact resemble the glass-rich examples of Suite 1 mixture spectra (Fig. 6) , as well as telescopic spectra for pooled melts at lunar impact craters (Smrekar and Pieters 1985) . Group 2B spectra exhibit the characteristic broad glass absorption bands near 1 and 2 lm. The absorption band near 1 lm appears to be modified by small amounts of pyroxene in the sample. The two samples in this category, 64455 and 67095, were both partly coated with glass (Table 2) , which makes up approximately 40% of the powdered samples. Group 2C This is the largest group of impact melts, and samples are derived from all Apollo sites and are thus compositionally diverse. All group 2C spectra exhibit a few general characteristics: an overall ''red'' continuum (highest reflectance toward longer wavelength), notable broad 600 nm and 1.2 lm absorptions, and a variety of features near 1 and 2 lm. We have subdivided this group into four nondiscrete (overlapping) subgroups based on general characteristics of the features near 1 and 2 lm. Group 2C1 exhibits absorption features at the shortest wavelengths and 2C4 exhibits bands at the longest wavelength, with 2C2 and 2C3 intermediate.
Particle Size Separates
Size separates were prepared for a few Suite 2 samples to determine if any of the observed spectral features are sensitive to the particle size of the bulk sample. Spectra for size separates of glass-rich sample 64455 (group 2B) are shown in Fig. 7a , and spectra for size separates for one of the most extreme members of group 2C4 (67627.17) are shown in Fig. 7b . In neither case are individual features particularly enhanced or reduced in different particle size separates.
Biconical FTIR Reflectance
Although not currently emphasized in lunar remote sensing, the wavelength range from 4 to 25 lm contains abundant additional information about mineral species present in a sample. Biconical FTIR reflectance spectra from 4 to 7 lm for Suite 1 and 2 samples are shown in Fig. 8 . Features seen in this part of the spectrum arise from fundamental absorptions at longer wavelengths, but occur in the transmitted (body) component of reflectance from particulate samples at these shorter wavelengths. Although relatively weak, features clearly associated with crystalline plagioclase and olivine can be identified in several samples and are shown with arrows (see Fig. 1b for comparison) .
Mid-infrared (8-25 lm) biconical reflectance spectra of Suite 1 and 2 samples are shown in Fig. 9 . Spectra at these wavelengths are usually shown in wave number (cm )1 ) units and are related to remote emissivity measurements (1-R). Although not measured in a vacuum environment to mimic the natural lunar environment, our impact melt reflectance spectra are displayed in the emissivity versus wave number context for comparison with similar data in the literature. The mid-infrared spectra are complex mixtures of fine-grained materials. As discussed below, the spectra confirm that most of the original samples (with the exception of group 2B) are (micro)crystalline and not glass. It is also evident that plagioclase (e.g., arrows) constitutes a significant portion of the fine-grained matrix.
DISCUSSION
From the above data and results, it is clear that lunar impact melt cannot be characterized remotely by any single set of spectral characteristics. Lunar impact melts take many forms, and are a function of both the starting material and the conditions of the impact, including the magnitude of the event and the cooling history of the resulting material.
Integration of Near-and Mid-Infrared Data
Our analysis of lunar impact melt characteristics emphasizes visible to near-infrared BDR spectra because that part of the spectrum is readily accessible to remote sensors and allows lunar composition to be studied from orbit. However, the near-infrared spectra often require additional information to be interpreted. . Bidirectional reflectance spectra of particle size separates and bulk powders of two different Suite 2 impact melt samples: a) The glass-coated impact melt from group 2B sample 64455. b) A rapidly cooled group 2C4 sample 67627. The spectral characteristics of the bulk powder for either sample do not appear to be dominated by any particular particle size range.
For example, in the Suite 1 crystalline samples, the near-infrared spectra are sufficient to identify the presence and composition of pyroxenes, consistent with the normative mineralogy ( Table 2) . For Suite 2 impact melts, however, the characteristic M2 absorption of pyroxene near 2 lm is rarely distinct, suggesting a nonequilibrium mineral assemblage. With the exception of Suite 2B glass-rich samples, the role of amorphous quenched glass in these impact melts is also not well constrained. Is the feature near 1.2 lm so commonly seen in 1B and 2C spectra due to mixtures of abundant glass with another species (plagioclase, olivine, pyroxene)? As discussed below, the FTIR data suggest that this feature is due to iron-bearing microcrystalline plagioclase, although significant disordering of iron into the M1 site of pyroxene is not ruled out.
Although the FTIR biconical reflectance data presented in Fig. 9 do not provide quantitative information for emissivity comparisons, most of the observed features are directly linked to the minerals present. Detailed mid-infrared laboratory spectroscopic analyses of minerals and rocks are available throughout the literature (e.g., Salisbury et al. 1992; Salisbury 1993; Christensen et al. 2000) and need not be reviewed here. The wavelength of a Christiansen feature (ChF in Fig. 1c ) of maximum emissivity (minimum reflectance) is observed to vary in a regular manner for silicates. The plagioclase-pyroxene-olivine trend seen for the ChF in Fig. 1c is well known for pure minerals. Linear mixing models are often applied to emissivity spectra to separate individual mineral components in mixtures when fine-grained material is not present. For samples with abundant small particles, however, mixing is not linear and a transparency feature (TF in Fig. 9) observed. The TF is a function of both the optical constants of the minerals present as well as their particle size (Mustard and Hays 1997) . Because our impact melt Suites are fine-grained particulate samples ( <125 lm), we highlight features of our FTIR data that allow the presence (but not abundance) of individual minerals to be identified.
The spectra of Figs. 8 and 9 are for the exact same samples as studied with BDR and provide additional information about the mineral constituents present. This independent information helps to constrain interpretations that might be derived from the nearinfrared spectra. Arrows highlighting specific features of plagioclase (blue arrows) and olivine (green arrows) in Figs. 1b and 1c are transferred to Figs. 8 and 9 for the discussion below. Considerably more information can be extracted from these spectra than is discussed here and the data for all samples listed in Appendix are available through the RELAB data collection (http:// www.planetary.brown.edu/relab/).
Microcrystalline Plagioclase and Olivine
From the micrographs of Fig. 3 and the spectra of Figs. 8 and 9, it is clear that the Suite 1 Apollo 17 melt breccias and many of the Suite 2 samples contain abundant microcrystalline components and very little quenched glass. The smooth almost featureless character of quenched glass seen in Figs. 8b and 9b is uncommon among our other samples, although samples such as 12032 and 12033 (2C3) and certainly 64455 and 67095 (2B) may be the exceptions. Most melt breccia and impact melt samples exhibit features in Fig. 8 that are indicative of crystalline plagioclase and minor olivine present. The presence of microcrystalline plagioclase is also clearly indicated in the mid-infrared spectra of Fig. 9 (arrows) among many superimposed other features. It is not possible to interpret individual spectra here, but the preponderance of features indicating the presence of abundant microcrystalline plagioclase is clear. Although olivine appears regularly in the spectra of Fig. 8 where few other features exist (see Fig. 1b ), we interpret olivine to be a minor component simply because olivine features are not prominent elsewhere.
In a nonequilibrium situation such as rapid crystallization and cooling after formation of an impact melt, the optically active iron and titanium can be incorporated into crystal sites where they do not normally reside. The feature observed near 1.2 lm can either be accounted for by small amounts (£0.5%) of FeO captured within the plagioclase microcrystals (e.g., Adams and Goulland 1978) or a significant amount of the FeO within crystallized pyroxene being incorporated into the M1 site instead of the M2 .
We tentatively prefer the plagioclase interpretation for these samples because microcrystalline plagioclase is an abundant phase and also appears to be a carrier of the ilmenite component discussed below.
Microcrystalline Ilmenite
An absorption near 600 nm is observed ubiquitously in both the melt breccias and the impact melt samples of Figs. 1d and 1f . A broad generally similar feature tentatively assigned to Ti 3+ in augite has been observed in Apollo 17 mineral separates Isaacson, in preparation) , but the feature observed in our impact melt samples is not correlated with the presence of pyroxene absorption features. A Ti 3+ feature was observed near 500 nm in the Ti-bearing prepared quenched glasses of Bell et al. (1976) , but this Ti 3+ glass feature is very weak and too faint to detect when Fe 2+ is also present creating the strongly dominant Fe-Ti charge transfer absorption across the visible. The preponderance of evidence summarized below now indicates that the 600 nm feature observed in these special lunar materials is due to submicroscopic ilmenite within a semitransparent matrix.
The 600 nm absorption and overall nature of the continuum observed in our impact melt samples are similar to those caused by the unusual microcrystals of ilmenite found in the pyroclastic black beads of Apollo 17 seen in Fig. 2 . Ilmenite in most circumstances is normally so strongly absorbing that it is effectively opaque and this characteristic 600 nm feature is rarely observed except in laboratory mineral separates (e.g., Cloutis et al. 2008; Cloutis 2010) . However, when the ilmenite is very fine-grained or at least very thin across one axis and set in a transparent matrix, then the 600 nm feature can be observed. The ilmenite-bearing black glass spheres of Apollo 17 exhibit a prominent absorption at 600 nm (Fig. 2) , which is attributed to the presence of a nonopaque silicate matrix in which thin layers of ilmenite are suspended (Weitz et al. 1999) , allowing some radiation to be transmitted through and returned from the sample (Adams et al. 1974 ). Pieters and Taylor (1989) also observed this 600 nm feature in the presence of extremely fine-grained inclusions of ilmenite within plagioclase crystals. They suggested that in order for the ilmenite absorption to be detected, the abundance of ilmenite in a sample is less important than its petrographic characteristics. The presence of the 600 nm feature appears to depend upon ilmenite existing in a sufficiently thin or fine-grained form to allow selective absorption of light. The best situation would be for fine-grained ilmenite crystals to be disseminated throughout a matrix that allowed light both in and out; plagioclase is ideal for such a matrix mineral, as it absorbs very little. At the same time, finely dispersed fine-grained ilmenite absorbs proportionately more light overall than larger ilmenite crystals, and thus lowers the albedo of the host. While the 600 nm feature appears to be common among the impact melt samples selected for this study, it is rare among pristine lunar rocks, lunar mineral separates, and lunar soils, all of which have different cooling histories. The absorption feature is therefore potentially characteristic of (but not necessarily exclusive to) finegrained, recrystallized (or devitrified) impact melt.
The relationship of submicroscopic crystalline ilmenite to the overall red-sloped lunar continuum has yet to be modeled. It is particularly important to distinguish between the nanophase metallic iron (npFe 0 ) produced during cumulative space weathering (e.g., Pieters et al. 2000; Hapke 2001; Noble et al. 2007 ) and the fine-grained dispersed ilmenite of microcrystalline impact melts. The former is featureless in soils across the visible and dominates the character of lunar regolith, whereas the latter produces a prominent 0.6 lm feature.
It is also important to note, however, that the presence of minor mafic minerals in the microcrystalline mix (e.g., pyroxene, olivine) superimposes additional features near 1 lm and affects the long-wavelength edge of the 0.6 feature. For example, the black beads of Apollo 17 (74001) contain olivine as the transparent host, whereas minor pyroxenes of different composition are present in our Suite 1 samples and most of Suite 2. This nonuniformity of the long-wavelength peak (between 0.8 and 1.0 lm) associated with the 600 nm feature is evident in the spectra presented here and underlines the importance of using high spectral resolution data for overall mineral identification and assessment.
Lastly, the presence of the 600 nm ilmenite feature in microcrystalline lunar melts is clearly a property of the formation environment and cooling process rather than the composition of the impact target material. The 600 nm ilmenite feature can be created in anorthositic breccias (Suite 1; anorthosite Clast B in Pieters and Taylor 1989) as well as in basaltic melts (12032 and 12033). The presence of this 600 nm ilmenite feature can thus not be used to assess the overall abundance of ilmenite or TiO 2 across lunar terrains. On the other hand, it apparently can be used to identify and map the distribution of microcrystalline impact melt as well as ilmenite-bearing pyroclastic material. Using Galileo multispectral images, Vilas et al. (2008) have identified the areas in the lunar southern hemisphere that may have a 600 nm absorption; although confirmation and further analysis are needed with high-spectral resolution data, these may comprise the first remote measurements of the 600 nm feature on the Moon.
SUMMARY AND CONCLUSIONS
Two suites of lunar impact melt samples have been measured to characterize the spectral properties of impact melts on the Moon. Spectra for each sample have been examined and grouped based on spectral properties such as the shape of the 1 and 2 lm absorptions features (largely pyroxene and glass) as well as the presence of a 600 nm absorption band, which appears to be due to microcrystalline ilmenite. From these analyses, several conclusions may be drawn about the spectral properties of lunar impact melts.
• For quenched glass, a correlation between the abundance of FeO and TiO 2 and the spectral properties of lunar glass at visible wavelengths (predicted by Bell et al. 1976 ) is present in Suite 1 prepared glass data. However, the correlation is only valid for quenched glass samples, not (re)crystallized samples (regardless of grain size).
Compositional estimates of quenched glass derived from remotely acquired spectra of the lunar surface thus require independent and well-grounded information of glass and crystal abundance.
• Although no direct relationship with albedo was observed between crystalline materials and quenched melt products, the quenched glass of all Suite 1 materials was ''redder'' in a UVVIS ratio than the original sample. Although limited in compositional range, these data suggest that abundant glass may be responsible for a relative ''reddening'' of impact melt associated with an individual impact. High abundance of quenched glass can lead to an apparent increase in redness (relative to local crystalline samples) across visible wavelengths.
• Telescopic near-infrared spectra of large regions of pooled impact melt are consistent with spectra of quenched glass-lithic mixtures. Near-infrared spectra of large areas of pooled melt at Copernicus, Tycho, and Aristillus appear to contain large quantities of quenched glass ( ‡50%).
• If impact melt products cool slowly enough for near-equilibrium crystallization to occur, the resulting mineral assemblage cannot be easily distinguished from igneous lunar rock types of similar composition (e.g., Suites 1A and 2A).
• Although not yet studied remotely with appropriate spectroscopic instruments, an apparently more common form of impact melt consists of microcrystalline breccias, often with distinctive spectral properties. These impact products have been found at diverse Apollo sites and exhibit nonequilibrium textures and mineralogy that clearly result from rapid cooling conditions in the lunar vacuum environment.
• A particularly diagnostic spectral feature of lunar impact melt products is the 600 nm absorption feature associated with microcrystalline ilmenite set in a transparent host (typically as inclusions in plagioclase). The presence of this ilmenite feature is indicative of the impact event and cooling history and is not directly associated with the target composition. These data represent the first systematic, laboratory measurements of impact melt spectra. The two suites of samples exhibit a consistency in spectral properties that appear to be linked to cooling rate and (consequently) glass abundance and texture. The interrelationship of observed spectral features documented here can be examined directly in remote spectra that contain the necessary spectral range and resolution. These laboratory data provide a foundation for more detailed modeling of complex mixtures on the lunar surface (e.g., Wilcox et al. 2006) . It is anticipated that the capabilities of advanced spectroscopic sensors currently being flown to the Moon will enable a new era of geologic analyses and allow major impact events and their associated products to be studied in unprecedented detail in the natural environment.
